The coagulation properties of cellulose from cellulose//NaOH/thiourea/ urea/H 2 O solutions were investigated with the goal of determining the optimal coagulation conditions for the spinning of cellulose fibers. The present study was concentrated on the effect of the coagulation variables upon the coagulation process. It was observed that at the start of the process, the thickness of the solidified layer ε was proportional to the square root of time. Model experiments were performed on gelled solutions of cellulose/NaOH/thiourea/urea/H 2 O in a coagulation bath to determine the coagulation rate, t /  , and mass transfer rate difference between the solvent and the coagulant, k  . The influence of coagulant compositions, coagulation time and temperature, and cellulose concentrations on coagulation rate and mass transfer rate difference performed on cellulose samples had been demonstrated by microscopic observations, which was important for understanding and controlling the process of cellulose shaping from NaOH/thiourea/urea/H 2 O solutions. The data were analyzed by means of the diffusion model based on Fick's law, thereby depicting the mechanism of the coagulation process, which could be described as a two-phase separation, namely a cellulose-rich phase in the coagulated layer and a cellulose-poor phase in uncoagulated layer.
Introduction
Recently, Zhang [1] [2] [3] have found that NaOH/urea and NaOH/thiourea aqueous solutions could dissolve cellulose directly and quickly. Both solvent systems were inexpensive and less toxic, and cellulose fibers can be prepared using a simple technology. In previous work, we further proved that cellulose could be directly and quickly dissolved in a NaOH/thiourea/urea aqueous solvent [4] . Based on these studies, the new solvent was more powerful in dissolving cellulose, and could be used to prepare more stable spinning solution containing higher concentration of cellulose compared to NaOH/urea (or NaOH/thiourea) aqueous solvent system. Fibers and membranes from cellulose/NaOH/thiourea/urea/H 2 O can be made by socalled regeneration or coagulation techniques that are used to make shaped cellulose objects from viscose or cellulose/N-methylmorpholine -N-oxide (NMMO) 2 solutions. The main principle is that the regenerating liquid must be miscible with the aqueous NaOH/thiourea/urea solution and be a nonsolvent for cellulose. As the cellulose solution comes into contact with the coagulating bath, a rapid coagulation must take place at the cellulose-coagulant interface to provide the skin necessary for successful forming of a filament. As coagulation proceeds toward the center of the freshly launched filament, a dehydration and concentration of the structure occurs, the filament is neutralized, regeneration sets in, and effective structure formation begins. The relative rates at which these steps occur and the extent to which they proceed influence significantly the properties of the final fibers.
Solidification of the spinning line in the bath is the result of phase separation, gelation and often also of chemical reactions. When a polymer solution is brought into contact with a coagulate bath, two processes for removal of the solvent and solidification of the dissolved polymer may be found: either by a chemical reaction between solvent and coagulant or by a physical exchange of solvent and non-solvent, resulting in precipitation of the polymer [5] [6] [7] . An example of a well-studied system is that of viscose fibers, spinning of viscose fibers consists of transformation of alkaline sodium cellulose xanthogenate into free xanthogenic acid and then into cellulose hydrate(regenerated cellulose):
2 Cell·OCSSNa+H 2 SO 4 →2 Cell·OCSSH+Na 2 SO 4 →2 Cell·OH+2 CS 2 +2 Na 2 SO 4 The goal of this work was to describe the regeneration kinetics of celluloseNaOH/thiourea/urea/H 2 O in the coagulation bath. The influence of cellulose concentration, bath type, bath temperature, bath time and molecular volume of coagulant on coagulation rate and mass transfer rate difference had been demonstrated, the regeneration kinetics of cellulose/NaOH/thiourea/urea/H 2 O samples was investigated and compared with the regeneration of cellulose/NMMO solutions and cellulose/NaOH/H 2 O solutions. The result of this work would help to gain better understanding of cellulose coagulation process.
Results and discussion

The effect of Coagulation concentration and time on boundary movement and Mass transfer
The model experiments were performed on a solution of 5 wt % cellulose in NaOH/thiourea/urea aqueous solution. The boundary movement as it relates to coagulation concentration and time had been observed for several different coagulants. Typical data are shown in Fig.1 . It shows that the depth of penetration was proportional to the square root of time during the early stages of diffusion for all coagulation conditions. The slope, t /  , provides a reliable measure of the coagulation rate [7, 8] . The specific rate of this process can be characterized by the parameter  defined in equation (1) .
Then ε 2 / t= Const and
In series of H 2 SO 4 , HAc and NH 4 Cl aqueous solutions, the actual numerical values (ε(t)) were a little higher than values on the straight lines. This extra value could be used to speculate the reaction amount of H + and OH -, for it was obviously caused by the chemical neutralization between OH -in the cellulose solvent and H + in the coagulants. The straight lines also indicated that the counter diffusion of solvents and non-solvents was the main power in the coagulation process even when cellulose solutions coagulated in the H 2 SO 4 , HAc and NH 4 Cl aqueous solutions. In the H 2 SO 4 aqueous solutions, when the coagulation concentration was too low, the small concentration difference between coagulant and NaOH/thiourea/urea solvent restrained their counter-diffusion rate, leading to difficulties in the cellulose regeneration process from the coagulation bath. On the other hand, too high coagulation concentration could be not only capable of facilitating decomposition of cellulose but also mainly responsible for an increase of the pore size of the fibers, so 1.5 mol/l H 2 SO 4 was found to be the most effective coagulant in our experiments. When cellulose was dissolved in NaOH/H 2 O solution, the results from the literature indicated a different case, cellulose/NaOH/H 2 O gels were contracting more than twice in methanol baths [9] . In most of the cases, the fastest contraction occurs during the first 10-20 seconds after sample immersion into the regenerating bath; during the following 30-40 seconds the sample slowly approaches its equilibrium size. Due to the fact that samples were strongly contracting, the application of the Fick's law was impossible. However, the cellulose samples prepared by dissolving cellulose in NaOH/thiourea/urea aqueous solution only suffered a slight contraction in NH 4 Cl aqueous solutions and in H 2 SO 4 , HAc aqueous solutions, it could be explained that the concentration of the cellulose solution was higher (6 wt % cellulose could be dissolved in NaOH/thiourea/urea aqueous solution while no more than 2 wt% in NaOH/H 2 O solution) and the solution is prepared by cotton pulp of high polymerization degree, which would constrain the contracting of the sample. On the other hand, the solidification of cellulose solution in H 2 SO 4 , HAc and NH 4 Cl aqueous solution involved a chemical reaction and the resulting production of water. The production of water may cause the swelling of the polymer samples during the coagulation step, so the samples could keep their original size. Because of relative low coagulation power of ethanol and methanol, the sizes of samples had little change when they were coagulated in ethanol and methanol.
The explanation of the square root of time relationship which appears in the boundary movement is based on Fick's diffusion law [10, 11] Ziabicki [8] had modelled the theory of diffusion with a moving boundary in wet-spinning by assuming a linear, one -dimensional system containing component 'b' into which diffuses the other component 'a' from outside and instantaneously reacts with 'b'. We shall consider first a diffusion coefficient in which a discontinuity occurs at each layer. The diffusion coefficients are D a (component 'a' in the coagulated layer-coagulant) and D b (component 'b' in the uncoagulated layer-solvent). The rate of mass transfer can be illustrated using two Fick equations (for the uncoagulated and coagulated portions) and the boundary conditions listed in equations (3) and (4) . Suppose that diffusion takes place into a semi-infinite medium and that surface x=0 is maintained at a constant concentration.
In the Coagulated layer, we have to satisfy: In the uncoagulated layer, we must satisfy: 
where x is the distance measured from the outside surface of the coagulated layer, ε is the position of the boundary line, and C is the concentration of the diffusion species. At time t, let the concentration in the region 0<x<ε be denoted by C a , and in the region ε<x<∞ by C b .Comparison of initial concentration of coagulant (C a,0 ) and of solvent (C b,0 ), the concentrations at boundary C a,eq and C b,eq are likely to be negligible since both of these boundary concentrations generally show a very low value, that is , C a,eq = C b,eq =0. This is particularly true in cellulose sample coagulation process as it involvs a chemical reaction between coagulant and cellulose-solvent complex.
Further, at the boundary x=ε:
yields the expression for the position of the moving boundary, ε
where  =ε 2 / 4t =Const. and erf( ) is error function.
As is evident from equation (6) the parameter  equivalent to that in equation (1) is independent of time and determined by the initial concentration ratio (C a,0 /C b,0 ) and diffusion coefficients D a and D b .
In our experiment, based on the fact that the concentration of the coagulant was much greater than that of the solvent, we assume that there is no diffusion of the acid or solvent from the liquid core to the solidified polymer. The coagulant migrates (i.e., from outside the sample) through the solidified layer to the boundary where solid polymer meets liquid polymer. There, it reacts with the acid to form solid polymer. So then, while the H + ions diffuse through the solid polymer to the boundary, the OH -ions likely do not diffuse out of the liquid center at all. Instead, they only make it as far as the boundary, where they instantaneously react with the base.
Thus, diffusity of the substance 'b' is negligible; its concentration is practically constant
and equation (6) reduces to
On the other hand, when the diffusion coefficients are identical (D a =D b =D) equation (6) reduces to equation (9) .
Because the initial concentration of C a,0 and C b,0 is const, Equation (10) illustrates that for the case of diffusion into a semi-infinite medium exhibiting zero initial concentration and constant concentration at the surface, the single dimensionless parameter /2 tD  is a constant value, and / t  is constant. Earlier observations have found that this linear relationship between ε and t was not valid after the boundary moved to about one-third of the radius of the model filament [6] . Analysis by Knaul [14] for a similar coagulates system showed Fick's Law for a semi-infinite medium was valid until at least 72% penetration by the coagulant of the sample. In fact, their different conclusion was due to the different methods of preparing samples and various diameters of the tested samples. That was, Liu used the gel samples of 9 mm while knaul used samples of diameter about 2.45 mm extruding from the syringe.
Despite this complexity, the experimental value of / t  , has been considered as parameter which faithfully reflects the effect of coagulation variables [15, 16] .
It is well known that the molecular volume of a diffusing species plays an important role in determining the diffusion coefficient. In general, diffusion coefficients decrease with increasing molecular size duo to a lowering of the molecular mobility. According to the stokes-Einstein equation, the diffusion coefficient of a spherical practice may be related to its radius by:
where η is the viscosity of the medium, N is Avogadro's number, and r 0 is the radius of the diffusing practices. 
where c is a constant.
For /2 tD  =c', where c' is constant.
Substituting equation (15) into equation (13) 2 1 ln( / c' ) 2 ln( / c' ) 2 ln( / ) lnc' c ln 3
And simplifying the equation by combining the constants into one constant, c. 
The above equation indicates that ln( / ) t  and lnV is linearly related. This provides an interpretation for the linear relationship between ln( / ) t  and lnV . Fig. 2 illustrates a plot of ln( / ) t  and lnV . A straight line relationship is seen for the coagulants, which suggests that Stoke's law is valid for these coagulants. It also suggests that the excessive molecular volume would obviously be a natural barrier to diffusion in the polymer network. Fig. 3 contains digital images displaying boundary motion with time. Fig. 4 . In these coagulants, the mass transfer rate of NaOH/thiourea/urea/H 2 O out of the sample was higher than that of the coagulants in it. The weight of the sample gradually decreased and was expressed as percent weight loss. As demonstrated in Fig. 4 , there is a linear relationship between the percent weight loss and the square root of time. Paul also found similar experimental results in a diffusion study of the PAN/DMAc/H 2 O system [14] . Fig. 3 , that this is true during the initial period of coagulation. Thereafter, the coagulation bath in which the concentration may not remain constant (i.e., the concentration of coagulant, C a.0 , changes appreciably). Consequently, the weight loss is no longer proportional to the square root of time.
As indicated in equation (18), the mass transfer rate difference referred to hereafter
   
) may be obtained from the measurement of the rate of weight loss of the sample as illustrated in Tab.2. It equals the slope of the initial straight portion of the curve.
The effect of cellulose concentration on the coagulation process
An increase in polymer content in the dope in some cases yields an increase in coagulation rate, it can be explained that the increase in viscosity of the solution with increasing cellulose concentration, the mobility of solvent and coagulant molecules will be reduced leading to a decrease in coagulation rate. While the high cellulose concentration may also cause reduction in coagulation rate, this effect is apparently associated with variable structure and permeability of the solidified layer. The effect of coagulation temperature on the coagulation process It is generally accepted that the coagulation of a dissolved polymer in a solvent/nonsolvent exchange bath is a rate process. In many systems, the mobility of molecules and ions increases with increasing temperature. To evaluate the effect of temperature on the coagulation rate and mass transfer rate difference of the cellulose/NaOH/thiourea/urea aqueous solution, the respective coagulation boundary movement in 1.5 mol/l H 2 SO 4 , 3 mol/l HAc and methanol in the temperature range between 10 0 C to 25 0 C, the data for temperature above 25 0 C were found to be unreliable since the sample underwent an appreciable thermal expansion and gelation in the actual fiber spinning process.
The results are listed in Tab. 5 and Tab. 6. As expected, the higher the bath temperature, the quicker the NaOH/thiourea/urea/H 2 O released from cellulose samples, and thus the quicker cellulose regeneration. The same occurred for the regeneration of 3% Solucell/NMMO solutions in water baths of different temperatures [9] . Tab. 5. Coagulation rates for 5% cellulose/NaOH/thiourea/urea aqueous solution at various temperatures. For all coagulants, the coagulation rates increased with increasing bath temperatures which is due to the fact that the mobility of a coagulant molecule increases with increasing temperature. The mass transfer rate difference indicates clearly that the higher the bath temperature, the more preferential is the diffusion of solvent out of the cellulose solution.
Presumably the diffusion coefficient of the NaOH/thiourea/urea solvent increases more significantly than that of the coagulant. On the other hand, the density of cellulose solution may also contribute to this behavior. Since the density of the cellulose solution decreased with the temperature, this would enhance the preferential mass transfer of solvent according to equation (18), On the other hand, the mass transfer rate of the solvent, as mentioned before, was not significantly affected by the type of coagulant. Consequently, the k  values increase greatly with temperature.
Coagulation mechanism
The coagulation rate and mass transfer rate were greatly affected by the changes of the coagulation temperature, coagulation time, cellulose concentration and coagulant molecular volume. It indicates the counter-diffusion between solution and coagulant mainly determines the coagulation process but not the chemical reaction, which also suggests that the coagulation process in this solvent is a two phase separation, similar to that of the NH 3 /NH 4 SCN and NMMO/H 2 O systems, which was just a diffusion controlled process [18, 19] . In the case of the NMMO/H 2 O system, the coagulation of cellulose involved the diffusion-driven precipitation of the cellulose in the coagulation bath. The exchange of solvent with non-solvent, namely a coagulant such as water, lead to a desolvation of the cellulose molecules and to a reformation of the intra-and inter-molecular hydrogen bonds. During the coagulation of the cellulose solution, the NMMO molecules attracted the precipitant molecules, resulting in the formation of a swollen cellulose gel, and finally regenerated from the solution [18] . So the coagulation of cellulose in the NaOH/thiourea/urea solvent was similar to those in wet-spinning process, in which one or more of the bath components diffused into the fibers while the solvent in the fibers diffused out of it during the coagulation process. As a consequence of this exchange, the excessive buildup of non-solvent in the freshly formed filament lead to precipitation of the cellulose.
Experimental part
Materials
The cellulose (cotton linter pulp) was supplied by Shanghai Cellulose Pulp Factory, China. The viscosity-average molecular weight (   M ) of the cellulose was determined by viscometry in cadoxen to be 10.02×10 4 . Cellulose samples were shredded into powder, and dried in a vacuum oven at 70 0 C for 24 h before use. All chemicals employed were of analytical grade and are purchased from commercial sources in China.
Cellulose solution preparations
Cellulose solution was prepared according to previously reported methods [4] . Various weights of cellulose were dispersed into 400 g of solvent precooled to -8 0 C, followed by vigorous stirring for 3 min at room temperature. After 3 min, the 12 temperature of the solution was controlled to -2 to 0 0 C using a salt-ice bath and the mixture was vigorously stirred for 7 min to obtain transparent cellulose dope containing 4~6 wt % cellulose. The cellulose dope was subjected to centrifugation at 5000 rpm for 10 min at 5~10 °C in order to exclude the slightly remaining undissolved part and to carry out the degasification.
Coagulation rate measurements
The key step to fiber formation by wet-spinning is coagulation of the polymer from polymer solutions by diffusional interchange with a liquid [5] . When a cross-section of a solution-spun fiber was taken in the initial stages of the coagulation process, a very distinct moving boundary turned out, one side of the boundary was hard and almost pure polymer, while the other side was the soft original solution of the polymer dissolved in the solvent. The rate of coagulation could essentially be determined by measuring the speed of the moving boundary. However, during actual fiber spinning process, these measurements are very difficult to achieve due to the fineness of asspun fibers [6] . Thus, a spinning model was used for measuring the coagulation rate in this work [7] .
Cellulose solutions were placed into 20-ml plastic syringes that had an inside spout diameter of 2 mm, Needles were not attached to the syringes. The syringes were then placed into a syringe pump (model: AJ-5803), and the solutions were extruded into a beaker containing 2000 ml coagulating liquids for various lengths of time. Immediately after contact with the coagulant, the polymer began to precipitate. The sample was about 3 cm in length; in the coagulation bath, the sample was held steady and not allowed to move through the bath. The temperature of the coagulation bath was adjusted and maintained using a submerged stainless steel heating coil. The temperature was monitored using a thermocouple probe at the site where the sample was held submerged in the bath. At the prescribed time the specimen was removed from the bath, and a distinct boundary between coagulated and uncoagulated polymer was readily apparent. Immediately thereafter, the sample was frozen in liquid nitrogen. After arrival at the imaging facility, samples were removed and cross-sectioned by hand using a razor blade. The depth, ε(t), to which the coagulated skin had reached toward the center was determined by comparing the inner radius of the fluid, or dissolved polymer, to the outer diameter of the precipitated polymer. The cross-section was viewed through a low-powered stereo microscope (20×4) fitted with a calibrated scale which was used for measuring the depth of penetration of the boundary. The depth of penetration, ε(t), was measured at various points along the periphery of the cross-section and finds to be uniform. Calibration of the measuring program was achieved using a reticle grid.
During the measurement of the coagulation rate, the samples were brought to the room with constant temperature and humidity (20±1 0 C, 60±3%).
Mass transfer rate difference measurements
The solidification of a polymer solution in a coagulation bath involves neutralization and counter diffusion of solvents and non-solvents. In the cellulose/NaOH/thiourea/ urea/H 2 O wet-spinning system, the solvents NaOH, thiourea and urea were removed from the spinning solution while coagulants were added. Besides the neutralization process between OH -in the cellulose solution and H + in the coagulant, the difference in mass transfer rate between solvent and non solvent is the key factor influencing the composition of a coagulating cellulose solution. The higher the rate difference, the more solidified the coagulating structure will be at a given time since more solvent is diffusing out of the filaments compared to the amount of coagulants diffusing into the filaments. Based on the mass balance of a coagulating polymer solution, the measurement of the weight change of a polymer solution as a function of time can provide the value of this rate difference.
The samples were also used in these measurements. An analytical balance with precision of 0.0001 g was utilized to weigh different samples that had been immersed in separate baths for various lengths of time.
